Many organic compounds can be protonated in concentrated sulfuric acid and thereby rendered soluble. If such solutions are diluted with water, the same compounds become deprotonated and subsequently precipitate. If the dilution is limited, much of the inorganic ash-forming compounds remain soluble in the diluted acid. Thus, protonation followed by dilution is a method of separating a low ash organic fraction from the sewage sludge. The product recovered can be used as a fuel, and is composed in part of secondary organic compounds formed by reaction with the acid.
INTRODUCTION
Municipal governments all over the world are facing an ever-increasing problem of sewage sludge disposal. After treatment, the solid fraction of the sludge is generally disposed in land fills, used for composting, or incinerated simply to reduce the volume as far as possible. 1 Such uses, however, are environmentally undesireable and are rarely cost effective.
Although sewage sludge is currently considered an environmental problem, it can be viewed as an important renewable energy resource if properly exploited. Thermal energy recovery by direct combustion is possible, but because of the high ash content of dried sludge, it is not an efficient fuel. Production of fuel oil and synthetic asphalt from sewage sludge by direct thermochemical reaction is currently being investigated and has met rt _ C o with some success.
Bayer and Kutubuddin^ have developed a technique to
obtain oil from sewage sludge by heating the dry sludge to 300-500°C in an oxygen free environment for about 30 minutes. The oil product has a heat content of 37-42 MJ/kg. Bridle and Campbell 3 have repeated their work using Canadian sludges and confirm the formation of a straight chain hydrocarbon oil having a high heating value, and relatively low ash.
Depending on its source, dried sewage sludge contains up to 40 percent ash. Bayer and Kutubuddin, by converting the sludge to an oil, have been able to separate the ash that remains in the residual sludge, so that a low-ash fuel oil with a high heating value can be produced. Alternatively, if a significant fraction of the organic material in the sludge can be dissolved, the solution removed from the residue, and the organic material reconstituted as a solid precipitate from the solution, then a low-ash solid product could be obtained which would be suitable as a fuel or as a source material for organic chemicals. The fact that domestic sewage sludge contains quantities of carbonaceous material which are comparable to that in low grade fossil fuels and generally can be procured at a negative cost is an added attraction for the use of sewage sludge as a viable source of fuel or organic chemicals.
A number of neutral or alkali treatment processes for sewage sludge or coal cleaning have been suggested »»», however, as pointed out by Vasilakos n and Clinton , little consideration has been given to the potential benefits of acid systems. For instance, it has long been known that a wide variety of organic compounds, with the exception of aliphatic hydrocarbons, and some aromatic hydrocarbons and their halogen derivitives, can be protonated at 0 to 35°C and subsequently become soluble in concentrated sulfuric acid (> 96-98 percent) 10 * 1 » 1 . In Liler's review of reaction mechanisms in sulfuric acid 12
he discusses the increase in the proton activity (decrease in the Hammett acidity function) from dilute to concentrated sulfuric acid. By simply diluting the concentrated acid solution of organic compounds the proton activity decreases, i.e. protonation decreases, and therefore organic compounds previously dissolved by protonation will be precipitated.
In the above method the organic fraction of sewage sludge finally resides in (a) the insoluble residue, (b) the deprotonated precipitate formed by dilution, or (c) the filtrate. It is the purpose of this report to examine the reaction of sewage sludge with concentrated H^SO. to see if a method can be developed to extract both the organic and inorganic fractions from these three sources.
THEORETICAL BACKGROUND
Sewage sludge contains a mixture of organic and inorganic compounds. The organic fraction contains both aromatic and aliphatic compounds other than the acid insoluble variety mentioned above. Thus, if nominally dry sewage sludge is put into concentrated ISO (18 M), a fraction of the organic matter can be protonated and will dissolve. Moreover, the inorganic matter will either react with the acid and produce soluble salts or will remain in the insoluble fraction. The combined insoluble organic and inorganic material in the residue can be separated by centrifuging or filtration. If the filtrate carrying the dissolved organic and inorganic matter is subsequently diluted (< 10 M) with a minimum of water, some of the organic and possibly a small amount of the inorganic matter will precipitate. This product should be lower in ash 
If the dilution is limited (e.g. 1:1), the solution remains acidic enough to keep most of the inorganic components in solution, it is possible to remove some of the deprotonated organic materials relatively free of inorganic ashforming compounds. For example if ethyl amine were a compound in sewage sludge, then in concentrated sulfuric acid, ethyl amine will be protonated as follows,
and can be recovered by dilution leaving most the ash forming inorganic components of the sludge dissolved in the acid solution. It is important to note that protolysis is a very rapid mechanism because of the high mobility of e. Biological sludge which was dewatered to -6 percent water.
f. Raw primary sludge from gravity thickener to which waste pickle liquor (ferrous sulfate) was added for coagulation. The original sample contained 93.38 percent water and was dewatered to 2.61 percent water.
The first experiments were made using samples "a" through "e" within a few weeks after collecting the samples. Several months later some repeat experiments were made with portions of the same samples before dewatering, but it was noted that the chemical composition had changed significantly due to microbial action. Sample "f", collected several months after obtaining samples a to e, was dewatered to 2.61 percent moisture within a few days after collection to reduce microbial activity to a minimum.
The total solids and moisture of the sludge samples were determined by drying 20 to 25 grams of the raw wet sludge for 12 to 24 hours at 103°C in an air circulation oven. To determine the ash content, the samples were ignited at 550°C in air for a minimum of 60 minutes to oxidize and remove the organic material (volatiles). This procedure is subject to a small error due to the decomposition of some inorganic constituents such as ammonium carbonate. This error has been ignored because of the small amount of such compounds in the sewage sludge used. The total solids, moisture, ash, and volatiles are given in Table I . The chemical composition of the total solids is presented in Table 2 .
INITIAL EXPERIMENTS
Initially a number of exploratory experiments were made to see if the sludge material could be dissolved in concentrated acid,* if the ash could be reduced substantially, and if the heating value of the product was enhanced over the original sludge sample. The extraction and recovery of the organic material from the sludge generally followed the flow diagram down to product G (see Figure 1 ). The sludge sample (2-50 g) was gradually reacted with an excess of concentrated H 2SO. either at room temperature or in some experiments with the acid at 468 K (195°C). The sludge and acid formed a viscous black solution and a residue. Some heat was evolved due to dilution of the acid with moisture in the sludge, but this was minimized by slowly adding the acid so that the temperature did not rise more than about 10 degrees. In later * Although the previous discussion applies to 100 percent H_SO., we refer to concentrated acid as 96-98 percent. This reagent is not as good a protonating agent as 100 percent H 2 SO., but it is a more realistic strength to use for a commerical process. Calculated by difference. Values may be up to a few percent high due to presence of small amounts of other elements such as phosphorus. The conditions for each experiment are given in Table 3 . In these experiments a large excess of acid was used to ensure that the acid was not unduly diluted by the water in the samples. As no effort was made to make a quantitative extraction, the amount of organic material recovered is relatively small, and, should not be used to evaluate recovery of the product.
The analyses of the organic products are given in Table 4 . Carbon, hydrogen, nitrogen and sulfur were analyzed by combustion analysis. Some analyses of oxygen were also made but, as the sum of the concentration of other unaccounted for elements present in the sludge is but a couple percent, an approximate oxygen concentration was determined by difference. Ash * By difference residues were determined as described for the sewage sludge above. It was assumed that when the sludge or products were heated to 550°C in air, essentially all of the carbonaceous material was converted to C0 2 , EJ3 etc.
and removed from the sample as volatiles. The heating values were calculated from a modified Dulong formula given by Giazzi and Columbo 13 .
From these initial experiments a few general observations can be made.
1. There was an increase in the heating value of the product compared to the dried sludge.
2. In all cases there was a decrease in the ash content of the product compared to the original sludge.
3. The H/C ratio of the product, which roughly reflects the ratio of aromatic to aliphatic components, was lower than in the initial sludge, and also more variable from sample to sample.
4. The sulfur concentration was larger than in the initial sludge samples, probably due in part to incomplete washing, or chemical sulfonation.
Because the results depend on several parameters which were not sufficiently controlled in the initial experiments, only the few general conclusions mentioned above can be drawn. Therefore additional experiments were made to evaluate the more critical parameters.
LATER EXPERIMENTS
In a second series of experiments an effort was made to standardize the procedures. In all the experiments 3 grams of dried sludge sample "f" (2.61 percent moisture) were reacted with 100 mL of H 2SO. unless otherwise stated. It** dilution ratio of solution to water of 4:5 and sunk for ratios of less than 1:10. If the density is kept high by using the former ratio, the entire residue floats, and is relatively easy to recover. From a commercial point of view this method entails less loss of acid by dilution and would be a favored technique. However, somewhat less organic product is recovered than with greater dilution. Alternatively, if the density is reduced by greater dilution, the entire residue sinks, and is also easy to remove. However in either case the residual acid cannot be removed except with considerable washing. Peptization takes place after repeatedly washing the product with water and leads to a significant loss of the product. To circumvent the problem of peptization when the product was washed in distilled water, some experiments were done using a concentrated sodium chloride wash solution.
However, it was found just as difficult to remove the salt from the product as it was from the acid. To remove the residual acid, it was finally decided to thoroughly wash the product with water even though it meant sacrificing some product recovery. The problem of dilution and washing of the product requires additional work to determine the optimum conditions.
In the early experiments it was not clear what effect the degree of dilution of the solution "A" had on the product composition. An experiment was made at 25°C and also at 70°C in which the solution "A" was diluted successively with different amounts of water. In the experiment at 25°C a small amount of product precipitated on the first dilution with 75 mL of water (see Table 6 ). Five successive dilutions with 25 mL of water (total of 200 mL) produced only a very small amount of additional product. However, when the solution was further diluted with an additional 25 mL of water (total of 225 mL) a large amount of product precipitated. Further dilution produced substantially smaller amounts of product. In the experiment made at 70°C the results followed the same pattern except that the total amount of product precipitated was considerably larger. In some cases the product precipitated by dilution was washed with a salt solution to reduce peptization and the sample weight had to be corrected for the imcomplete removal of a small amount of salt.
The product composition did not vary significantly for those samples within either set of experiments made at the given temperatures (Table 6 ).
However, there were significant differences in the composition of the samples obtained in the experiments at the high and low temperatures. The carbon,
hydrogen and H/C ratios are somewhat higher in the products formed at low temperature (excluding the two low temperature samples which were not corrected for a small residual ELSO. concentration due to incomplete washing). Likewise, the concentrations of sulfur and oxygen were lower for the samples prepared at low temperature compared to those made at high temperature. It should be noted that the product obtained at room temperature on the first dilution (75 mL of water) could be ashed at a lower temperature compared to the product obtained by dilution with 225 mL of water. The lower temperature for ashing suggests that this material probably contained more volatile components, (i.e. it is a better fuel) compared to the product formed at greater dilution. These data also suggest that protonation is probably the principal mechanism at low temperature, whereas at the higher temperatures oxidation reactions occur with the H-SO. forming sulfate esters, and other secondary reaction products. From the point of view of a fuel, is was also found that the heating value of the product extracted at low temperature was considerably better than that formed at temperatures of 70°C or higher.
Temperature Effects: To determine the effects of temperature on the product in more detail a number of comparative experiments were made at several Tables 6 and 7 , it appears that C0 2 was probably evolved at temperatures as low or lower than 70°C. Thus, above 70°C substantial oxidation takes place in the sludge. The results in Table 8 show that, while the total amount of residue products, J, compared to the product G. Extraction of some of the inorganic metals may prove to be of economic value in addition to the removal of the organic fraction as a fuel.
SLUDGE-TO-ACID-RATIO
In the initial experiments a sludge-to-acid weight ratio of 1/35 to 1/45 was used to ensure sufficient acid to react with all of the sludge. In order to determine the optimum amount of acid to use, a series of experiments were made at 298 K (25°C) and 343 K (70°C) as described above, using 3 grams of dried sludge "f" and a reaction time of 15 minutes. Each experiment was made with a different volume of concentrated acid. The total dissolved material in the "A" solution (sample weight less the weight of insoluble residue) was Table 9 .
Experiments at 298 K (25°C). The results of the room temperature experiments
are shown in Figure 3 , curve B. Replicate experiments were made to ensure the shape of the curve. As the volume or total number of moles of acid is increased, the amount of organic material dissolved in the acid increases until equilibrium is reached (-60 mL concentrated H^SO. or a little more than 1 mole of acid). When 60 to 120 mL of acid are used, increasingly less sludge goes into solution until it reaches a minimum at 120 mL or a little over 2 moles of acid. When 120 to 180 mL of acid are used the amount of sludge going into solution again increases up to about the same maximum as observed for 60 mL of acid.
The maximum amount of sludge dissolved (-1.84 g or 61 percent of the original sample) comprises three components, (1) protonated organic matter, (2') organic matter rendered soluble by reaction with the concentrated acid, and (3) inorganic matter. It is reasonable to assume that the true protonation curve is superimposed on a solubility curve of those organic (and inorganic) components which react with the acid to form secondary compounds.
The secondary-compound solubility curve is probably relatively flat over most of the range for the acid volumes shown in the figure. Curve B is therefore somewhat distorted compared to the true protonation curve. A tentative explanation of the shape of curve B is given in Appendix II.
It should be noted that when 120 mL of acid is used (minimum protonation) a product is obtained by dilution. This indicates that secondary products also come out of solution upon dilution with water. Table 10 Volume of H 2 SO 4 (mL)
Fig 3   Table 10 . Chemical composition, ash, H/C ratio, weight of organic material recovered, and the heating value of the products recovered by dilution at designated points on the curves, Figure 2 .
Sample No. The inorganic residue was found to be high in titanium, calcium, magnesium, silicon, and aluminum. Titanium in particular appears to be amenable to economic recovery. In addition there are small values of silver, tin, cadmium, chromium, nickel, copper and vanadum which may be worth recovering.
It is recognized that this is a preliminary study and needs to be followed by a more detailed study to upgrade the yield of the product as a fuel and reduce the sulfur concentration. In particular it is recommended that a cost effectiveness study be made. The reactions involved in curve B, Figure 3 are not entirely clear and additional experiments will have to be made before a full explanation can be made. However, a tentative explanation of the experimental data can be outlined as follows.
In those experiments in which less than 60 mL of acid were used, it appears that protonation increased with the volume of acid used. If (Org) is that part of the organic material in the sludge that is amenable to protonation, then for any volume of acid of less than 60 mL one can write Org) + mH2 SO £| » m(Org) H+ + (l-m)(0rg) + rnHSO^"
where m is less than 1. As (Org)H is formed, the acidity of the solution decreases, and a relatively large amount of HSO ~ ion accumulates. Loss of acidity ultimately causes protonation to terminate. If larger volumes of acid (but less than 60 mL) are used, more organic matter will be protonated and dissolve. Finally, the protonation-versus-volume of acid-curve will reach a maximum at about 60 mL of acid. Assuming the maximum is attained because all the organic matter that can be protonated is protonated, then, if more than 60 mL of acid is used, no further organic matter will dissolve. In this case the curve should show saturation with further addition of acid. However, this is contrary to the experimental data and indicates a further mechanism is involved.
At the maximum the system is undoubtedly in equilibrium, and (Org) + 2H 2SO tf £ (Org) H+ + HSO^"
As the hydrogen ion concentration is extensively associated with the protonated organic matter, the acidity of system Is low and less than that required for protonation. Thus, as no further protonation can occur, and the addition of more acid simply increases the acidity of the system. The H 3 0
Introduced with the additional acid will suppress the (Org)H . Some of the (Org) therefore again becomes insoluble. As almost 60 mL of acid (-1 mole H2SO.) was required to form the (Org)H+ which resulted in a reduction of acidity, it will require about the same amount of acid to Increase the acidity back to that necessary for protonation to take place again. Further addition of more than about 120 mL of acid will thus start the protonation process again, and the curve will pass through a second maximum as is observed experimentally.
The above model explains the experimental data, but must be further checked before it can be used as a final explanation of the data. 
